Objective: In cone beam CT (CBCT), imperfect patient immobility, caused by involuntary movements, is one of the most important causes of artefacts and image quality degradation. Various works in literature address this topic, but seldom is the nature of the movement correlated with the type of artefact and the image degradation in a systematic manner, and the correlation analyzed and explained. Methods: All three types of movements that can occur during a scan-nodding, tilting and rolling-were applied to a dry skull, in various manners from abrupt to gradual through the entire scan, at different times and angles, over a wide range of displacements. 84 scans were performed, with different skull movements, and the resulting images examined by two skilled radiologists, rated in a four-point scale and statistically analyzed.
A commercial CBCT machine was used, featuring supine patient positioning. Results: Different types of movements induce different artefacts, in different parts of the anatomy. In general, movement of short duration may lead to double contours (bilateral or monolateral depending upon the angle of the scan at which they occur), whereas gradual movements result into blurring. Conclusion: Not all movements cause motion artefacts that equally jeopardize the image. Rolling is the type of movement that most severely affects the image diagnostic value. Advances in knowledge: These findings may help practitioners to identify the causes of motion artefacts and the resulting image degradation, and remediate them, and manufacturers to improve the patient-positioning devices.
INTRODUCTION
Cone beam CT (CBCT) devices have a long acquisition time, ranging from 5.4 to 40 s, 1 and such a time is long enough for motion artefacts, caused by patient's movements, to be significant. In fact, approximately 21-42% of the in vivo examinations exhibit motion artefacts. 2, 3 Recently, several works have been published in the literature about movements in dental and maxillofacial CBCT, [2] [3] [4] [5] [6] [7] [8] [9] [10] but correlation between the various possible movements and the resulting different kinds of artefacts, which may be induced, is lacking.
New-generation CBCT systems employ flat-panel detectors, but since large-area flat-panels are expensive, the manufacturer sometimes uses a smaller detector and offsets the source-to-rotation-centre axis with respect to the centre of the detector. That allows capturing data from a larger anatomical volume with respect to an axially centred detector. 11 Volumetric reconstructions in both classic CT and CBCT is usually performed via a back-projection process, in which all the acquired information (two-dimensional projection images in case of CBCT) equally contribute to the reconstruction of the volume. In CBCT, back-projection is implemented via mathematical algorithms, such as that of Feldkamp, Davis and Kress (FDK) , that remediate the nonideal geometrical conditions. 12, 13 This process requires that the patient remains immobile during the entire acquisition. Correction algorithms to compensate for possible (small) movements and to limit the formation of motion artefacts have not yet been implemented. 5, 10 CT (single slice and multislice) and CBCT differ in voxel size (0.5-1 mm in CT vs 0.075-0.4 mm in CBCT), in the geometry (narrow-pyramid or fan beam in CT vs wide-pyramid or cone beam in CBCT), in radiation load (40-120 mA in CT vs 1-20 mA in CBCT), in tube potential (80-150 kV in CT vs 40-120 kV in CBCT) and in detector shape (one-dimensional in CT vs two-dimensional in CBCT). These differences produce either artefacts typical of each technology 5, 14, 15 or cause the same type of artefact to manifest in a different way. 5, 16, 17 The aim of this study is to evaluate type, severity, area and extension of artefacts caused in CBCT by small movements (motion artefacts), applied to a dry skull, in order to determine the reasons of image deterioration, and to verify the conditions in which motion artefacts do not visually impair the images. This may lead to new technical solutions to reduce the number of retakes and consequently the overall radiation load to patients.
METHODS AND MATERIALS Device
Scans were performed by a cone beam CT system (NewTom™ 5G; QR srl, Verona, Italy), equipped with amorphous silicon flat-panel detector (20 3 25 cm). The reconstructed images were observed with a medical monitor, 3 MegaPixel Barco display, 20-inch, 2048 3 1536 resolution (Barco, Kortrijk, Belgium). In NewTom 5G, the patient is positioned supine, contrarily to most other commercial CBCT machines where the patient sits or stands upright. X-ray tube rotation is counter clockwise, starting at 12 o'clock. Therefore: (1) 0°vertical X-ray beam, X-ray source at the top (2) 90°horizontal X-ray beam, X-ray source on the right (3) 180°vertical X-ray beam, X-ray source at the bottom (4) 270°horizontal X-ray beam, X-ray source on the left.
The same field of view (FOV; 12 3 8 cm) and the same protocol were used for all examinations. The protocol is called "Hi-Res Regular" by the producer: scan time 26 s, effective current-time product 4.5 mAs, 110 kV, beam angle 12.4°, number of acquired images 360 (13.85 images s 21 ). The software originally provided with the system was utilized for image evaluation. No other software was used to prevent additional errors from reconstruction interpolation. All CBCT volumes were reconstructed with 150 mm isometric voxel size.
System development and dry skull A whole dry skull, complete with all head bones, including teeth, and free from oral metallic therapy, was used. To keep the mouth closed, the mandible was blocked by two springs (one for each side) fixed to the temporal bone and coronoid process. The skull cap was dissected on the axial plane at the frontal-occipital level to permit access inside.
A round wooden pole (length 2.4 m and diameter 2.3 cm) was inserted in the skull through the foramen magnum and secured on the skull vertex with a screw, so that the occlusal plane was perpendicular to the pole. It was laid on a wooden block at a distance of 2 m, in which limit stops were inserted to allow accurate amplitude of the nodding, tilting and rolling movements (Figures 1 and 2 ).
Head and pole movements
The pole motion caused movements of various amplitude in different anatomic skull areas. Soft gradual movements were performed to reproduce the action in vivo as far as possible. The anatomic landmarks were: upper central incisor occlusal surface (I), zygomatic-temporal suture (Z) and mandible angle (M) (Figure 3 ). The I, Z and M resulting movement was determined either mathematically or by CAD three-dimensional (3D) Autodesk Inventor® software (http://usa.autodesk.com/autodeskinventor/) ( Table 1 ). The fulcrum was the skull vertex in rolling and the occiput in tilting and nodding.
Movement parameters: (1) Modality: manual, by two trained operators (2) Type: tilting, nodding, rolling (3) Shift: tilting and nodding: 2.5, 5, 10 cm; rolling: 3°; I, Z and M: variable from 0.5 to 9.6 mm (4) Start time: variable from 0 to 26 s. After 6.5, 13, 19.5 s, the X-ray source is at 90°, 180°, 270°, respectively (5) Duration: variable from 1/4 to 26 s, corresponding at a rapid 2.5 cm shift and a complete rotation time, respectively (6) Velocity: 10 cm s 21 (assisted by a stopwatch and a metronome).
Tilting and nodding were obtained by moving the pole 2.5, 5 and 10 cm between two limit stops secured on a wooden block, in the horizontal and vertical directions, respectively.
Rolling 3°was obtained by rotating the pole with a handle placed between two limit stops secured on the same wooden block. 
Movement type

Operators and observers
The procedures were carried out by two operators coached until an excellent reproducibility of pole movement was achieved. They took advantage of a stopwatch (for the start and the end) and a metronome (for the rhythm) for time consistency of the movements.
The operators wore radiation protective clothing and stood 2.5 m away from the X-rays source. The surrounding environment was protected by leaded shields, which entirely covered the gantry except a hole for the pole access.
Two independent observers with dental imaging experience (20 and 9 years' , respectively) evaluated all the outcomes from the procedures separately.
Image evaluation
Artefacts were evaluated in the axial, panoramic, cross, coronal and sagittal sections by: (1) Severity index, divided into four tiers:
-G0: absence -G1: no significant presence. An excellent image analysis is achievable -G2: significant presence. A diagnostic image analysis is possible -G3: remarkable presence. A reliable opinion cannot be formulated (2) Area: anatomical region where the artefact is located. The general evaluation was carried out considering all the four quadrants in which the dental arches are conventionally divided. The particular evaluation was performed by Obviously, in all the cases in which one side is artefact free (true monolateral artefact), no sums were used. (4) Artefact type: smearing, double contour, cancellous bone fading (loss of trabeculae visibility) and general unsharpness.
Statistical analysis
Collected data were analyzed using the SPSS® v. 22.0 statistical analysis software (IBM Corp., New York, NY; formerly SPSS Inc., Chicago, IL).
For each anatomical region and each anatomic landmark, the agreement between observers in the evaluation of the images was assessed by using Cohen's kappa (k# 0.39, poor agreement; k 5 0.40-0.59, fair agreement; k 5 0.60-0.74, good agreement; k $ 0.75, excellent agreement; a p-value #0.05 was considered as statistically significant). The observers compared the discordant evaluations and reached a consensus. The final database was composed of the evaluations arising from the agreement between the two observers. Data were reported as percentage values. 
RESULTS
The agreement between the two observers was good, with kappa values ranging from 0.60 to 0.74 (p , 0.01).
The overall evaluation of all quadrants and anatomic landmarks showed artefacts in 82% of the examinations. The remaining 18%, i.e., the cases where all values are in the G0 tier, was related to 2.5-cm tilting movements in 12% of the cases, 5-cm tilting in 2% of cases and 2.5-cm nodding in 4% of cases.
The artefacts' prevalence depended on: The tilting and nodding of I, Z and M on a 2-s duration did not cause artefacts in 94% and 88% of cases, respectively. The displacement of I, Z and M by 0.5 and 1.3 mm did not cause artefacts in 100% and 94% of cases, respectively.
Severity
Overall, in all quadrants and anatomic landmarks, the severity index G0, G1, G2 and G3 was present in 52%, 23%, 14% and 11% of cases, respectively.
The artefacts manifesting with vertical X-ray beam had higher prevalence of severity index with respect to those with horizontal X-ray beam: G1 28% vs 24%, G2 20% vs 10%, G3 10% vs 3%. Area During the movement with horizontal X-ray beam, the artefacts prevailed in the lower quadrant opposed to the source. With the X-ray source at 90°position, they were in Quadrant III in 60% of cases and in Quadrant IV in 13% of cases, whereas with the X-ray source at 270°position, they were in Quadrant III in 18% of cases and in Quadrant IV in 61% of cases. The evaluation of the source side only showed more artefacts in the upper quadrant with respect to the lower quadrant (21% vs 13% on the right, 26% vs 18% on the left) ( Table 2 ).
During movement with vertical X-ray beam, the artefacts were nearly symmetrical in case of rapid movements (Quadrant I 82%, Quadrant II 79%, Quadrant III 75%, Quadrant IV 82%), whereas with continuous movement of 2 and 6 s, they showed distinct prevalence in the right (Quadrant I 43%, Quadrant II 25%, Quadrant III 20%, Quadrant IV 63%) ( Table 3) .
We noticed that artefacts at the incisors' alveoli site were more frequent in case of nodding.
Extension
The true monolateral artefacts were 25%, the false monolateral artefacts were 23% and the bilateral artefacts were 52%. Both true and false monolateral artefacts distinctly prevailed in shortduration movements (rapid 1 2 1 6 s 5 95% in both cases), with horizontal beam (75% in both cases) and 5-cm displacement (slightly ,50% in both cases).
The bilateral artefact was frequent with long-duration movements (13 1 26 s 5 40%) and large displacement (10 cm 5 49%), with no substantial differences with respect to the beam angle (Table 4) .
Type
With rapid movements and with continuous movements of 2 and 6 s, double contour and smearing prevailed, occurring in 58% of cases, whereas the fading of bone trabeculae and the general loss of sharpness and contrast did not occur or were very modest (G0 1 G1) in 87% of cases. With 13-and 26-s movements, all types of artefacts occurred in at least 79% of cases, whereas G3 bone trabeculae fading reached the highest prevalence (42%) ( Table 5 ).
DISCUSSION
In this study, small controlled movements of nodding, tilting and rolling were imparted to a dry skull during CBCT examinations, to investigate the basic mechanisms that lead to motion artefacts, which are common in daily practice, and the relationships between the type of movement and type of artefact.
A CBCT system for horizontal (supine) patient positioning was used because the gantry rotates more stably in a vertical plane. Furthermore, the patient-bearing table is not mechanically connected to the machine, which prevents the transfer of vibrations during the rotation of the gantry. 8 The flat-panel detector of NewTom 5G is offset from the source-rotation centre axis in order to enlarge the reconstructed FOV. In so doing, the peripheral portion of the scanned volume is reconstructed with a lower number of projected images, and only the central portion is based over the total number of images from a full 360°rotation. 5, 11 In CBCT, each angular projection contributes in the same way to the development of the volumetric data sets, and the complete object reconstruction is already acquired by images obtained on a rotation of 180°plus an angle corresponding to the X-ray beam aperture.
Spin-Neto et al 7 had imparted direct macroscopic movements (15% in nodding and tilting) with a "robot skull", thus always obtaining artefacts in 100% of cases. He had not effected tiny movements. Conversely, we have moved the skull phantom with a long rigid pole. In doing so, and bringing the fulcrum close to the skull phantom, it was easy to produce small movements, even sub-millimetre, manoeuvring at a distance of 2 m. This made possible to simulate movements as in vivo, since the skull phantom rested directly on the same support used for a live patient.
Not all movements that we have imparted resulted in artefacts affecting a visual evaluation of the images. In fact, no artefacts were detected when the movement was so small that the anatomical landmarks were not reconstructed at discernibly separate locations, or when the number of images acquired during the movement was so small that they did not significantly contribute to the reconstruction of that anatomical detail, contributing instead to an increase of the background noise. This occurred with movements of I, Z and M of 0.5 mm in 100% of cases, of 1.3 mm in 94% of cases and 2-s tilting movements in 94% of cases.
In our selection of movements, the one that caused the maximum prevalence of artefacts was rolling (100%). The different prevalence of artefacts between nodding (92%) and tilting (67%) is due to the different displacement of the anatomical structures in the two types of movement, at equal pole displacement, depending upon the position of the fulcrum. In fact, the artefacts prevailed in the lower quadrant, as opposed the upper quadrants, with M . Z . I in case of tilting and I . Z . M in case of nodding.
The location where the artefacts manifested themselves depended upon the acquisition angle and the offset between the X-ray beam and the centre of the detector. This may be caused by the projection geometry of the two-dimensional images acquired; we speculate that, perhaps, the anatomical structures farer away from the detector may contribute to the reconstruction of the volumetric data set to a lesser extent than others, because of the greater discrepancy from the ideal back-projection geometry and/or to their greater enlargement. This could also explain why the artefacts were visible in all the quadrants when the X-ray beam was vertical, whereas they may have been visible in a single quadrant or in crossed quadrants (I and III, or II and IV) when the X-ray beam was horizontal.
The extent of the artefacts depended mainly on the duration of the movement and was affected by the position of the X-ray source and the pole displacement. In CBCT, owing to the long rotation time of the gantry, the images acquired during rapid or short-duration movements (2 and 6 s) are few (1-23%) . This caused the formation of artefacts on a single side (Figure 4) or part of it (short artefacts) ( Figure 5 ) when the X-ray source was horizontal, and with artefacts present exclusively or prevailingly in one side (true monolateral and false monolateral artefacts, respectively). Conversely, with movements of duration equal to or larger than a half of the rotation time (13 and 26 s), the artefacts extended upon both sides with no significant differences (bilateral artefacts) (Figures 6 and 7) .
The double contour artefacts were more evident with rapid movements (G3 5 27.4%) than with continuous movements, because two distinct sets of images were acquired. In each set, the anatomical points did not change the relative positions, but each set was displaced with respect to the other, the distance between the two contours being determined by the extent of the displacement. Conversely, in case of continuous movements, the same point was acquired in a gradually changing position, and the final images were reconstructed with a smearing that was especially noticeable with movements of 2 and 6 s (42%). The intensity and thickness of the smearing were proportional to the duration and the extent of the movement, respectively.
The fading of bone trabeculae and the general loss of spatial resolution and contrast (unsharpness) reached the highest prevalence in movements of 13 and 26 s (80%), being caused by the combined effect of smearing and double contours. Furthermore, the general loss of spatial resolution and contrast, which in our opinion is the artefact that affects more severely the diagnostic quality of the images, is the one with the lowest prevalence of G3 (12%). This may explain what is reported in other works, 2, 3, 6 where it was diagnostically necessary to repeat the examination only in 0.5%, 1.9% and 0.4%, respectively, of cases where motion artefacts were present.
We have noticed that the artefact follows the direction of the movement: in nodding it was more evident in the craniocaudal direction ( Figure 6 ), whereas in tilting and rolling, it was in the lingual-vestibular direction (Figure 7) .
A limit of our study is that we have imparted the movement manually, rather than mechanically/automatically. However, operators' coaching and practicing to consistently reproduce the movements, the use of a chronometer and a metronome for the timing, and end stops to precisely determine the displacement, rendered the imparted movements quite reproducible. Another limit is that we have not considered all the possible types of movement, especially the combined ones (nodding, tilting and rolling simultaneously) which are more complicated and closer to the actual movements of a live patient. Furthermore, we did not consider the movement of the mandible alone, which is the only independently mobile bone of the maxillofacial complex. Instead, we have performed many elementary movements to establish which are the most relevant ones in producing artefacts and to identify them from the artefact's features. This helped assessing the diagnostic validity of images that are partly degraded by artefacts, thus reducing unnecessary retakes. The current European guidelines state that a maximum of 5% of all CBCT examinations could be considered diagnostically unacceptable and require a retake. 18 In order to reduce the occurrence of motion artefacts, further studies may be helpful at evaluating the various methods available for skull immobilization, and develop software for mathematical algorithms that identify and remove images acquired during patient movements to improve the quality of the reconstructed data set and reduce the need of retakes and additional radiation dose to patient.
These results were obtained with a specific model of CBCT, with supine patient position. Different specific results might be found with CBCT systems that use another patient-positioning approach (sitting or standing), faster scan times, detectors of different size and with no offset, other rotation modes and other 3D reconstruction algorithms. In particular, we think that devices with very fast speed rotation (5-10 s) could reduce smearing and general unsharpness. However, the general conclusions reached here should apply to the generality of dentomaxillofacial CBCT systems, since the fundamental physical principles of 3D reconstruction are common to all.
CONCLUSION
Our study has made possible to recognize the different types of motion artefacts and to correlate them with the causing types of patient movement, thus reducing the chance of attributing to other reasons the degraded image features.
The main cause of artefacts, which can occur in all quadrants (bilateral), in one quadrant only (monolateral) or even in part of it (monolateral short artefacts) is rolling (100%), followed by nodding (92%) and tilting (67%). 
